The Takamatsuzuka Tumulus (TT), a circular burial mound located in Asuka village, Nara Prefecture, Japan, is thought to have been built around the late 7th to early 8th century. This tumulus is well known to the Japanese because it contains polychromatic mural paintings on the interior walls of the stone chamber (interior measurements: ca. 1.0 m wide, 2.7 m deep and 1.1 m tall). However, these mural paintings have been damaged by microbial outbreaks [1] . We have been conducting microbiological surveys inside the stone chamber to elucidate the cause of the biodeterioration of the mural paintings [2] , and several novel bacterial species have been reported as the dominant contaminants [3] [4] [5] . One of the contaminant bacteria, strain T6220-5-2b T , was isolated as a novel lineage of the family Promicromonosporaceae, and was shown to be closely related to Promicromonospora flava [6] .
The family Promicromonosporaceae [7] consists of seven genera, i.e. the type genus Promicromonospora [8] , Cellulosimicrobium [9] , Xylanimonas [10] , Xylanibacterium [11] , Isoptericola [12] , Myceligenerans [13] and Xylanimicrobium [14] . These genera resemble each other in their chemotaxonomic features such as polar lipids, dominant menaquinones and major cellular fatty acids [15] . In phylogenetic analyses based on 16S rRNA gene sequences, all known Promicromonospora species except P. flava formed a cluster according to their taxonomic affiliation [15] . However, P. flava, which is closely related to the novel TT isolate, reveals diversity in the genus Promicromonospora as suggested by Schumann and Stackebrandt [15] .
Here we fully describe the taxonomic characterization of the TT actinomycete isolate and propose a novel genus and species within the family Promicromonosporaceae. In addition, P. flava is herein reclassified in this genus as a new combination with an emended description.
Strain T6220-5-2b T was isolated from a cotton swab sample taken from mouldy spots on the surface of a mural painting (the white tiger, Byakko) on the west wall, inside the TT stone chamber. Bacterial isolation was completed using previously described methods [4] . In brief, isolate T6220-5-2b T was isolated on nutrient agar (CM3; Oxoid) under aerobic conditions at 30 C for 3 days. For preservation, cells of the isolate were grown on CM3 plates at 30 C for 2 days, suspended in sterilized, distilled water supplemented with 20 % (v/v) glycerol and stored at À80 C.
The type strain (JCM 16551 T ) of the closest related species P. flava was used as a reference.
The almost-complete 16S rRNA gene sequence of the isolate, which was 1447 bp long, was determined using previously described methods [16] . Phylogenetic trees were reconstructed using the software MEGA, version 6.0 [17] and three tree-making algorithms: the neighbour-joining [18] , maximum-likelihood [17, 19, 20] and maximum-parsimony methods [21, 22] . The reliability of the cluster formation was determined using bootstrap analysis [23] . The sequence comparisons, which were based on 16S rRNA gene sequences in DDBJ (www.ddbj.nig.ac.jp/), indicated that the new isolate belonged to the family Promicromonosporaceae. The sequence of strain T6220-5-2b T was most closely related to that of P. flava CC0387 T (accession number AM992980), displaying 99.1 % similarity. The next highest relative was Isoptericola variabilis MX5 T (AJ298873) with 98.1 % sequence similarity. Sequences of other members of the family Promicromonosporaceae showed less than 97.6 % similarity. The neighbour-joining phylogenetic tree depicted in Fig. 1 shows that isolate T6220-5-2b T formed an independent cluster with P. flava CC0387 T (AM992980) that was tightly clustered away from the type strains of other species of the genera Promicromonospora or Isoptericola. In addition, all three algorithms produced similar tree topologies and gave similar robustness bootstrap values (Figs 1 and S1, available in the online Supplementary Material). These results suggested that the new isolate and P. flava belong to a novel lineage in the family Promicromonosporaceae.
Isolate T6220-5-2b T was cultivated at 30 C using soybeancasein digest agar [SCD agar; 15 g pancreatic digest of casein (BBL), 5 g papaic digest of soybean meal (BBL), 5 g NaCl and 15 g agar, per litre distilled water, pH 7.3]. Morphological and cultural properties were observed on the following International Streptomyces Project (ISP) media: ISP 2, ISP 3, ISP 4, ISP 5, ISP 6 and ISP 7 [24] and on CM3, R2A agar (Nihon Pharmaceutical) and SCD agar. The cells were observed by light microscopy (BH-50; Olympus). Anaerobic cultivation was conducted by absorbing oxygen using an Anaero Pack gas system (Anaero Pack disposable; Mitsubishi Gas Chemical) and incubation on SCD agar for 7 days at 25 C. The methods for the observation of cell morphology and the characterization of conventional phenotypic features were completed according to the procedures described by Barrow and Feltham [25] and Tindall et al. [26] . API 20NE, API 20E, API 50CHB and API ZYM kits (bioM erieux) were also used to assess biochemical features, acid production from carbon sources and enzyme activity, according to the manufacturer's instructions, with one exception: the incubation time for the API ZYM tests was extended to 24 h, which gave reliable results. In addition, assimilation of the carbon source on ISP 9 was examined for the selected carbon source ( Table 1 ). Growth at a range of temperatures (4, 10, 15, 20, 25, 30, 37, 40, 42 and 45 C) was assessed on SCD agar. Growth at various salt concentrations (0-10 %, w/v, NaCl at 1 % increments as well as 12, 15 and 20 %, w/v, NaCl) was determined in SCD broth, which was made without NaCl from the normal formula as a basal medium (normal formula as follows: 17 g pancreatic digest of casein, 3 g papaic digest of soybean meal, 5 g NaCl, 2.5 g K 2 PO 4 , 2.5 g glucose per litre distilled water, pH 7.3) supplemented with the appropriate amount of NaCl. Growth at different pH (pH 5.5-10.5 in 0.5 unit increments) was tested using ISP 2 broth with Good's buffer.
The isolate was a Gram-stain-positive, catalase-positive, oxidase-negative, non-spore-forming actinomycete. It grew well on agar plates with ISP media 2-5, R2A agar, CM3 and SCD agar. Aerial mycelium was not observed on ISP 2 or SCD agar during 4 weeks of cultivation. On ISP 2, colonies were pale yellow and 1.0-2.0 mm in diameter after 4 weeks at 28 C. No diffusible pigments were observed on tested plates, and melanin-like pigment was not produced on either ISP 6 or ISP 7. The substrate mycelia were pale yellow to yellow on all the media tested and fragmented into nonmotile, coccoid, V-shaped, Y-shaped or rod-shaped elements (Fig. S2) . The isolate was able to grow under anaerobic conditions on SCD agar and fermented glucose, whereas almost all species of the genus Promicromonospora are described as aerobic. Several strains of Promicromonospora citrea were able to grow under anaerobic conditions [27] , and Promicromonospora kroppenstedii and Promicromonospora xylanilytica were able to ferment glucose [28, 29] . The TT isolate grew between 10 and 40 C, with optimal growth between 25 and 30 C. Strain T6220-5-2b T grew in the presence of 0-12 % (w/v) NaCl and displayed optimal growth between 0 and 3 % (w/v) NaCl. Finally, T6220-5-2b T grew at pH 5.0-10.0, and displayed optimum growth between pH 6.5 and 7.0. Other physiological and biochemical features of the isolate are given in Table 1 and in the species description. For isoprenoid quinone system analysis, cells of strain T6220-5-2b T and the reference strain P. flava JCM 16551 T were grown aerobically in SCD broth at 30 C for 24 h with shaking. Methods for the extraction and measurement of quinones were similar to those described by Nishijima et al. [30] using HPLC (Waters HPLC system 600 series). The predominant menaquinones of strain T6220-5-2b T were MK-9(H 2 ) (49.3 %), MK-9(H 0 ) (31.7 %) and MK-9(H 4 ) (14.2 %). MK-8(H 0 ) (3.4 %) and MK-8(H 2 ) (1.4 %) were also detected as minor components.
The quinone systems of the reference strain P. flava JCM 16551 T were MK-9(H 0 ) (54.9 %), MK-9(H 2 ) (34.5 %), MK-9 (H 4 ) (6.8 %) and MK-8(H 0 ) (3.7 %). These results differed from those of other members of the family Promicromonosporaceae as MK-9(H 4 ) (not dominant), MK-9(H 0 ) (dominant) and MK-8(H 0 ) (minor) were detected. However, it is known that the isoprenoid quinone composition of certain bacteria is affected by cultivation conditions such as culture age, oxygen supply and cultivation media [31] . The major quinone of most genera and species belonging to the family Promicromonosporaceae is MK-9(H 4 ) or different saturated derivatives of MK-9. Four species of Promicromonospora, i.e. P. kroppenstedtii [28] , Promicromonospora umidemergens [32] , Promicromonospora xylanilytica [29] and P. iranensis [33] , plus Xylanimonas cellulosilytica [10] and Xylanimicrobium pachnodae [14] possess MK-8(H 4 ).
For cellular fatty acid composition measurements, cells from the new isolate and the reference strain were aerobically grown on SCD agar plates at 30 C for 3 days. Fatty acid methyl esters were prepared and analysed using the GC 7890A GC System/ 7683B Series Injector (Agilent Technologies), according to the instructions provided for the Microbial Identification System version 6.0, and were identified using the TSBA6 database (MIDI). The predominant cellular fatty acids of strain T6220-5-2b T were anteiso-C 15 : 0 (50.7 %) and iso-C 15 : 0 (34.2 %). This result is consistent with that of the closest related species P. flava JCM 16551 T ( Table 2 ). The results were almost similar to the profiles of other genera in the family Promicromonosporaceae (Table S1 ). For polar lipid analysis, cells of the TT isolate were grown in SCD broth with shaking at 30 C for 48 h. Polar lipids were extracted from freeze-dried cells using the modified method of Bligh and Dyer [34] , as described by Minnikin et al. [35] . Extracted lipids were then separated by two-dimensional high-performance TLC on silica gel 60 plates (Merck) using chloroform/methanol/water (65 : 25 : 4, by vol.) in the first dimension, and chloroform/acetic acid/methanol/ water (80 : 18 : 12 : 5, by vol.) in the second dimension. Total lipid components were detected by spraying with 10 % (w/v) molybdophosphoric acid in isopropanol and heating at 180 C for 20 min. Specific lipids were detected using spray reagents (a-naphthol-sulfuric acid, ninhydrin, Dittmer-Lester and periodic acid-Schiff), according to the methods described by Tindall et al. [26] . The major polar lipids of the new isolate were phosphatidylglycerol, diphosphatidylglycerol, phosphatidylinositol, phosphatidylinositolmannoside, two unknown phospholipids and an unknown phosphoglycolipid (Fig. S3 ).
For analyses of the amino acid composition of the cell-wall peptidoglycan of isolate T6220-5-2b T and its closest related strain, P. flava JCM 16551 T , cells were harvested from SCD Table 1 . Differential biochemical characteristics between strain T6220-5-2b T and P. flava JCM 16551 T Strains: 1, T6220-5-2b T ; 2, P. flava JCM 16551 T . Data were newly obtained from this study except coagulation and peptonization of milk. +, Positive; À, negative; +W, weakly positive. Both strains were positive for reduction of nitrate to nitrite; glucose fermentation; aesculin hydrolysis; 2-nitrophenyl-b-D-galactopyranoside (PNPG) test; hydrolysis of starch, Tween 80 and DNA; acid production from glycerol, L-arabinose, D-xylose, Dgalactose, D-glucose, D-mannose, methyl a-D-mannopyranoside, methyl a-D-glucopyranoside, N-acetylglucosamine, amygdalin, arbutin, salicin, cellobiose, melibiose, melezitose, raffinose, starch, turanose and D-arabitol; utilization of glucose, arabinose, mannose, mannitol, N-acetylglucosamine and maltose; and enzyme activity of alkaline phosphatase, b-galactosidase, a-glucosidase, N-acetyl-b-glucosaminidase, esterase (C4), esterase lipase (C8), leucine arylamidase, naphthol-AS-BI-phosphohydrolase, b-glucosidase and a-mannosidase. Both strains were negative for gelatin liquefaction; arginine dihydrolase, urease and indole production; and activity of oxidase, lecithinase, pyrazinamidase, pyrrolidonyl arylamidase, trypsin and chymotrypsin. Acid was not produced from erythritol, D-arabinose, D-ribose, L-xylose, methyl b-D-xylopyranoside, L-sorbose, dulcitol, inositol, D-mannitol, D-sorbitol, lactose, xylitol, gentiobiose, D-lyxose, D-tagatose, D-fucose, L-fucose, L-arabitol, gluconate, 2-ketogluconate and 5-ketogluconate and the strains did not utilize capric acid, adipic acid, malate, trisodium citrate or phenylacetic acid. Carbon sources not utilized based on ISP 9 included L-arabinose, myo-inositol, mannitol, D-fructose, L-rhamnose, raffinose, melezitose, D-mannose, Dlactose, inulin, adonitol, salicin, trehalose, melibiose, dextran, D-galactose, cellobiose, xylitol, sodium acetate, sodium malonate, sodium pyruvate, sodium citrate and sodium propionate. broth following incubation at 30 C for 48 h. Preparation of the cell-wall peptidoglycan and analysis of the amino acids in the cell wall were performed using the methods described by Nakai et al. [36] . The amino acids in the cell-wall hydrolysate were determined to be phenyl isothiocyanate (Wako) derivatives upon analysis by ultra-HPLC (Acquity Ultra-Performance LC System; Waters). The cell wall of isolate T6220-5-2b T contained aspartic acid (Asp), glutamic acid (Glu), alanine (Ala) and lysine (Lys). The cell wall of the reference strain P. flava JCM 16551 T contained the same amino acids as the TT isolate (Table S1 ). Glycine, serine and homoserine were not detected in either strain. The cell-wall amino acids of most species in the genus Promicromonospora, the closest related genus to the new isolate, were Glu, Ala and Lys, with Lys serving as the diagnostic diamino acid [33, 37, 38] . Muramic acid acylation was analysed according to Uchida et al. [39] . The acyl type of the new isolate was acetyl.
Cells for analysis of whole-cell sugars of the TT isolate and its reference strain were grown in SCD broth at 25 C for 48 h. The whole-cell sugars were analysed according to the method described by Staneck and Roberts [40] , except that the solvent 1-butanol/pyridine/water (5 : 3 : 2, by vol.) [41] was used for TLC. The whole-cell sugars of isolate T6220-5-2b T were ribose, glucose and galactose (Table S1 ). P. flava JCM 16551 T contained the same whole-cell sugars as the isolate; however, it also contained minor traces of rhamnose.
DNA extraction, purification and determination of the G+C content of the genomic DNA of the TT isolate and P. flava JCM 16551 T were performed according to previously described methods [16] with two lytic enzymes, achromopeptidase and lysozyme (both Wako Pure Chemical Industries), for the cell-wall lysis [42] .
The DNA G+C content of isolate T6220-5-2b T was 75.2 mol %. The strain combinations used for DNA-DNA hybridization examination were chosen on the basis of 16S rRNA gene sequence similarities above 98.7 %, as described by Stackebrandt and Ebers [43] . Therefore, DNA-DNA hybridization experiments of the isolate and its closest related type strain, P. flava JCM 16551 T , were performed according to the method described by Ezaki et al. [44] .
Reciprocal hybridization experiments were also performed. When genomic DNA of isolate T6220-5-2b T was labelled, the DNA-DNA similarity between P. flava JCM 16551 T and T6220-5-2b T was 15 %. The labelled DNA of P. flava JCM 16551 T indicated a 23 % homology to isolate T6220-5-2b T . The levels of DNA-DNA relatedness were <70 % for all combinations tested. The DNA-DNA hybridization values clearly indicated that the isolate T6220-5-2b T represents a novel genospecies, in light of the 70 % pragmatic and operational guidelines for species delineation [45] .
Phylogenetic analysis based on 16S rRNA gene sequences revealed that the isolate T6220-5-2b T and P. flava formed a separate lineage with high bootstrap support in the family Promicromonosporaceae as an independent genus in the family. Table S1 shows the characteristics of isolate T6220-5-2b T and P. flava that differentiate them from closely related genera of the family Promicromonosporaceae. Isolate T6220-5-2b T and P. flava were distinguished from the other genera in the family Promicromonosporaceae by containing MK-9(H 0 ) as a predominant quinone and the combination of facultatively anaerobic growth and the cell-wall amino acid composition (Asp). Cellular fatty acid profiles, polar lipids and whole-cell sugars of the TT isolate were consistent with those given in the description of the family Promicromonosporaceae [15, 37] . The DNA G+C contents of the new isolate and P. flava were slightly higher than those of other genera in the family Promicromonosporaceae (Table S1 ). Isolate T6220-5-2b T is clearly distinguished from its closest related species, P. flava, on the basis of certain physiological and biochemical properties ( Table 1 ) in addition to the results of DNA-DNA relatedness.
In conclusion, the results of our polyphasic systematic approach support the proposal that strain T6220- Table 1 .
The type strain, T6220-5-2b T (=JCM 28789 T =NCIMB 15040 T ), was isolated from a swabbed sample taken from a mouldy spot on the surface of a mural painting (the white tiger, Byakko) on the west wall of the TT stone chamber interior in Asuka village, Nara Prefecture, Japan. The DNA G+C content of the type strain is 75.2 mol%. Part of the description is that of P. flava in the original description provided by Jiang et al. [6] as follows: Gram-positive; no aerial mycelium is produced on all six media tested; substrate mycelia fragment into non-motile, coccoid, Yshaped, V-shaped or curved bacillary elements; grows well on ISP 2, ISP 3, ISP 4, ISP 5 and nutrient agar, but weakly on Czapek's agar; phospholipids consist of diphosphatidylglycerol, phosphatidylglycerol, an unknown phospholipid and an unknown glycolipid. The following characteristics are newly described. Growth occurs at pH 5.5-10.5, with the optimum pH being 6.0-7.5, and at 10-40 C, with the optimum temperature being 25-30 C. Maximum NaCl tolerance is 15 % (w/ v), with optimum growth with 1 % (w/v) NaCl. Facultatively anaerobic. Able to ferment glucose and produce acid. Positive for aesculin hydrolysis, 2-nitrophenyl-b-D-galactopyranoside (PNPG) test, and hydrolysis of starch, casein (weakly), Tween 80 and DNA. Carbon sources not utilized based on ISP 9 include L-arabinose, myo-inositol, mannitol, D-fructose, Lrhamnose, raffinose, melezitose, D-mannose, D-lactose, inulin, adonitol, salicin, trehalose, melibiose, dextran, D-galactose, cellobiose, xylitol, sodium acetate, sodium malonate, sodium pyruvate, sodium citrate and sodium propionate. The predominant menaquinones are MK-9(H 0 ), MK-9(H 2 ) and MK-9(H 4 ) when grown aerobically in SCD broth at 30 C for 24 h. MK-8(H 0 ) is a minor component. The cell-wall peptidoglycan contains Asp, Glu, Ala and Lys. Whole-cell sugars are ribose, glucose and galactose. Rhamnose is detected as a trace component. Other physiological properties are given in Table 1 .
DESCRIPTION OF
The type strain, CC0387 T (=CCTCC AA208024 T =DSM 21481 T ), was isolated from a sediment sample collected from the Baltic Sea, Germany. The DNA G+C content of the type strain (JCM 16551 T ) is 74.6 mol%.
